We propose a novel framework for asymmetric scalar dark matter (ADM), which has interesting collider phenomenology in terms of an unstable ADM bound state (ADMonium) produced via Higgs portals. ADMonium is a natural consequence of the basic features of ADM: the (complex scalar) ADM is charged under a dark local U (1) d symmetry which is broken at a low scale and provides a light gauge boson X. The dark gauge coupling is strong and then ADM can annihilate away into X-pair effectively. Therefore, the ADM can form bound state due to its large self-interaction via X mediation. To explore the collider signature of ADMonium, we propose that ADM has a two-Higgs doublet portal. The ADMonium can have a sizable mixing with the heavier Higgs boson, which admits a large cross section of ADMonium production associated with bb. Of particular interest, our setup nicely explains the recent di-photon anomaly at 750 GeV via the events from ADMonium → 2X(→ e + e − ), where the electrons are identified as (un)converted photons. The prediction of an ADM near 375 GeV can be tested at the direct detection experiments in the near future.
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Asymmetric dark matter (ADM) from the dark sector with a Higgs portal Among a large number of models for dark matter (DM), ADM is one of the most attractive one because it provides a way to quantitatively relate the relic densities of dark and visible matters [1, 2] . Originally, it was proposed to understand their coincidence, namely Ω DM h 2 : Ω b h 2 ≈ 5 : 1 [3] . More widely, ADM takes advantage in explaining DM relic density in a way insensitive to the strength of couplings involved in DM annihilating [4] : it merely requires a sufficiently large cross section of DM-antiDM annihilating instead of a certain value.
Asides from the origin of ADM asymmetry that is beyond the scope of this paper, there are two ingredients for constructing an ADM model: a continuous symmetry U (1) d under which ADM is charged and a large DMantiDM annihilation cross section to remove the symmetric part. A natural option is considering a dark sector which has a gauged U (1) d 1 with a strong gauge coupling g d . Moreover, U (1) d spontaneously breaks at a low scale, giving rise to a light massive dark gauge boson X into which ADM can annihilate. Additionally, the dark gauge interaction leads to ADM self-interaction, which may be good news for addressing the small scale problem; the N −body simulation of DM halos shows several discrepancies with the observations and they may be resolved by DM with large self-interaction [5] . In this paper we are interested in a scalar dark matter field χ which, compared to the fermionic DM, possesses special superiority in interactions with the visible sector since it can always couple to the Higgs sector at the renormalizable level via the Higgs-portal term |χ| 2 |Φ 2 | 2 where Φ 2 denotes the Higgs doublet in the Standard Model (SM). But here we would like to consider an extension to the SM Higgs sector by an extra Higgs doublet Φ 1 , i.e. the popular two-Higgs doublet models (2HDM). We will see that such an extension provides a new way to probe the dark sector at LHC (see other ways [7] [8] [9] ), and can account for the 750 GeV di-photon excess [10] . Hereafter, the ADM mass (m χ ) will be fixed to be m χ = 375 GeV, although the discussions can be easily generalized to other mass scale.
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To be specific, the effective interacting Lagrangian for the scalar ADM with a Higgs-portal is
We decompose the CP-even parts of Φ i as Re(Φ 
GeV. U (1) d gauge boson X µ slightly mixes with the SM U (1) Y hypercharge gauge boson B µ through the kinetic mixing term. Thus X couples to SM fermions, i.e., the electromagnetic current J EM , after rotating into the canonical mass basis [11] :
where θ w is the weak mixing angle, is taken as a free parameter, and the searches for dark gauge boson are not of concern as long as it is sufficiently small or m X is not too light. In practice, we will be interested in a small such that X is long-lived. Comments on generalizations of the above setup are in orders. First, a fermionic ADM can be accommodated in the presence of a singlet Higgs field in the Higgs sector. Second, we choose a massive gauge boson as the force mediator, but a light Higgs boson can also play such a role. 4 Third, to avoid the Landau pole problem for U (1) d , one may consider a non-Abelian dark gauge symmetry like SU (N ) which is completely broken down at a low scale and thus SU (N ) behaves as a global charge for ADM. ADMonium The force mediator X leads to the formation of bound state for a pair of DM and antiDM with center-of-mass of energy near the threshold m D ≡ 2m χ ; it is dubbed as ADMonium, unstable and distinguishable from the previous studies focusing on stable ADM bound state [12] , e.g., the dark atom bounding two different species. To study the basic properties of ADMonium D, the starting point is the attractive Yukawa potential (or the static screened Coulomb potential [13] ) between two ADM
with α X > 0 for the DM and anti-DM system. However, one has α X < 0 namely a repulsive potential for the DM and DM or antiDM and antiDM system. If the self-interaction involves dimensionless couplings g d such as gauge coupling and Yukawa coupling, one has α X = g 2 d /4π from the single X exchange diagram. For a scalar ADM χ, DM self-interaction also arises from massive coupling like A|χ| 2 S, with S being some scalar (the SM Higgs boson or additional candidate) and then α X = |A| 2 /(4πm 2 χ ) (always positive). Perturbative bound requires α X < 1; an even stronger upper bound will be derived.
Then one can solve the eigenvalues and corresponding eigenstates of the Schrödinger equation with this potential. The eigenstates are labelled by (n, l) with n and 4 The couplings of the scalar force mediator to SM particles are model dependent, for instance, to di-photon via a charged loop.
l denoting the radial and the orbital angular quantum numbers, respectively. In this paper we will focus on the case l = 0, i.e., the ns state having wavefunction
R n (r) with R n (r) the radial wavefunction. For our purpose, the wavefunction at zero separation ψ n (0) is of interest. In the Coulomb limit, its square takes the form of
where a 0 = 2/(α X m χ ) is the Bohr radius of the χ pair system; it is the mean size of the ground state 1s. The mass of the ns state is m Dn = m D − E n with E n the binding energy
where
X /a 0 measures how the χ pair system is Coulomb-like. D 1 is the Coulomb limit where the range of the interaction is much larger than the typical size of the 1s state. If D is close to 1, n will be much suppressed compared to the asymptotic value 1/n 2 ; for instance, for 1s it reduces to merely 0.02 as D = 1 [13] , resulting in a loose bound state. For α X 1, the mass splittings among different radial exciting states are negligible. Even though α 2 X ∼ 0.1, the widest mass splitting is still just 0.01m D .
There are a few conditions for the existence of at least one bound state, 1s. In the first, 1/m X , the screening length that characterizes the range of the interaction, should be at least longer than the Bohr radius; more concretely, one requires D 0.84 [13] . Immediately, we have m X α X m χ /1.68 and thus the mediator should be lighter than χ. Second, the lifetime of ADMonium ns should be longer than the time for ADMonium formation, i.e., the decay width Γ D is smaller than the corresponding binding energy [14] :
where the second inequality is for the sake of reliability of non-relativistic approximation which always holds for α X < 1. After using Eq. (12) one can see that the first inequality imposes an upper bound on self-interaction coupling:
0.6 for 1 = 1. A smaller D yields a smaller upper bound on α X , for instance, 0.17 for D = 1. In this paper we consider the case where D 1 holds. ADMonium-Higgs mixing To study the collider phenomenology of ADMonium, we should figure out its production and decay. At the LHC, a pair of free dark states can be produced and then they have certain probability to bound together near the threshold m D . We consider the production mechanism of ADMonium by virtue of its mixing with the SM Higgs field after electroweak symmetry breaking.
Let us begin with a most general pattern of mixing. In the basis Φ T = (h 1 , h 2 , D), the three by three mass 2 matrix for three scalar bosons takes the form of
a symmetric matrix. We have included the width of ADMonium before mixing, which may be relevant in the case of extremely degenerate between darkonimum and Higgs bosons. The Higgs bosons are always assumed to be narrow resonances. The states in the mass eigenstates are labelled as H T = (H 3 , H 2 , H 1 ) with masses in descending order; they are related to Φ by the orthogonal matrix O:
The first two by two block of M 2 φ , determined by the routine procedure in dealing with the Higgs potential, is not our focus. We focus on the off-diagonal elements, which are given by
where we focus on the 1s state of ADMonium since the production of the excited state is suppressed by 1/n 3 . It is illustrative to consider the limits where only one Higgs-portal matters. We first consider the usual case, the (SM Higgs doublet) Φ 2 -portal. The mixing angle is given by
For an ADMonium much heavier than m h2 , one has sin θ ∝ v/m D 1; in the opposite, the mixing will be suppressed by m D /m h2 . For safety, one may need to consider the region m χ > m h2 /2. Typically, a fairly large α X close to the perturbative limit is required to lift the mixing angle. Nevertheless, for m h2 m D , it still can be of order 0.1 even for a relatively small α X ∼ 0.1. Now we move to the more interesting case in this paper, the Φ 1 -portal. The type-II 2HDM has the feature that the associated production h 1 bb is enhanced by large tan β = v 2 /v 1 . Consequently, once ADMonium strongly mixes with h 1 , the process pp → Dbb will be a promising way to produce D. The h 1 −D mixing originates from the η 12 -term and we can get the expression of mixing angle similar to Eq. (10). Again, substantial mixing happens only in the presence of more or less degeneracy between h 1 and D:
The current LHC searches for extra heavy Higgs bosons in the type-II 2HDM imposes a stringent constraint. The prediction of this paper is that the 750 GeV Higggs bosons for tan β 40 are still allowed by the LHC Run-II with 3.5/fb data [15] , and they may show up soon.
ADMonium decay In general, the width of D → X 1 X 2 is formulated to be [16] 
with δ AB the statistic factor. Thus, ADMonium decay is related with the annihilation of the free DM pair. ADMonium decays in three ways: (i) Into a pair of force mediators, which typically is dominant because of a large α X . The decay width is estimated as follows
taking a massless X. A width of a few GeVs is favored to fit the 750 GeV data and then we should increase α X close to the upper bound 0.6; (ii) Into the SM particles through its h 1,2 composition, but they are suppressed by either mixing or Yukawa couplings; (iii) Into the Higgs boson pairs via the Higgs-portal terms, and they are sizable only if the decay is kinematically accessible. In summary, it is reasonable to take Br D (XX) ≈ 100%. 750 GeV di-photon excess without photons After the LHC Run-II with √ s = 13 TeV, both the ATLAS and CMS Collaborations reported an excess in the di-photon spectrum near 750 GeV [10] . To fit the data using a resonance that decays into a pair of photon, one needs σ(pp → X(750) → γγ) ∼ 5 fb. However, X(750) does not fit the usual profiles of the well-known candidates like a scalar boson from an additional electroweak singlet or doublet, and usually quite strong couplings are involved since X(750) decays into di-photon at loop level. 
FIG. 1:
The e + e − from a light whilst energetic X are aligned with each other and are able to mimic the photon conversion. 5 The corresponding cross section of DM-antiDM annihilation is huge:
Experimentally, di-photon may not imply a resonance two-body decaying into a pair of photon [17] [18] [19] . In particular, electrons can mimic (un)converted photons [20, 21] , as seen from the schematic diagram of such fake photons from X → e + e − in Fig. 1 . Several conditions are in orders: (1) Because photons can only be converted in the tracker when interacting with material, the flying X should at least reach the pixel detector before decaying away, i.e., we should require L X sin θ X > 33.25 mm [22] with θ X and L X the polar angle and decay length of X, respectively; (2) To mimic a converted photon, X should decay within the radius of 800 mm [23] away from the interaction point (to have sufficient number of hits on the tracker) but within the radius of [800 mm, R] with R = 1500 mm the size of electromagnetic calorimeter (ECAL), in order to mimic an unconverted photon; (3) The e + and e − from the massless photon conversion have a small separation angle, as means that their distance at the ECAL crystal is very small. Hence, conservatively we require that the reconstructed momentums of e + and e − from X decay point to the same crystal cell. From Fig. 1 one can cacluate their distance
where δθ ∼ m X /p T,X is the angular separation between two electrons. Taking the ATLAS detector parameter for illustration, 0 < d 37.5 mm [23] is required.
To estimate P X , the probability of the di-X from D decay being identified as di-photon, we generate 10 6 events of gg → D(→ XX)bb process with MadGraph5 aMC@NLO [24] and count the number of events from which both e + e − pairs satisfy the condition L X sin θ X > 33.25 mm and 0 < d 37.5 mm. In Fig. 2 we show its dependence of the proper decay length of X, cτ X ; a few values of m X are demonstrated. We see that P X peaks at certain cτ X for a given m X ; as long as X is sufficiently light, P X can be a few ten percents ( 75%) within a wide interval for cτ X . Note that to fit data, the required production cross section of X pair is ∼ 5/P X fb. The ADMonium framework under consideration can nicely account for the 750 GeV "di-photon" excess following the mechanism described above. 6 The main decay of the force mediator X is via its coupling to J EW , having width
Therefore, the proper decay length of into e + e − is cτ X ≈ 0.4 × 10
In the laboratory frame, it is enhanced by a large boost factor γ X = m D /2m X and one then gets L X ≈ γ X cτ X which has been used in Eq. (13). The required cross section σ(D → 2X(→ e + e − )) ∼ 5 fb can be obtained given the mixing angle sin θ 1D 0.2 and tan β 30 (choosing P X 50%), that results in a cross section of D (along with bb) production ≈ 632(tan β/40) 2 fb at the 13 TeV LHC. Note that if X is heavier than 1 GeV, Br X (e + e − ) will be substantially suppressed owing to the opening of hadronic decay modes. So, m X < 1 GeV is favored to enhance the signal events, especially viewing from the indirect constraint on the production of D from the direct detection on ADM considered below. Hunting for the 375 GeV ADM ADM leaves no signals in indirect detections except for some special scenarios [12, 29, 30] . But direct detections impose stringent bounds on the ADMonium-Higgs mixing and then production of D because it directly relates with DM-Higgs interaction, which leads to DM-nucleon spin-independent (SI) scattering by exchanging Higgs bosons. The heavier Higgs near 750 GeV dominates over the SM-like Higgs boson due to the large tan 2 β enhancement and the resulting SI cross section can be written as [31, 32] 
in the vicinity of exclusion. So, the prediction here can be revealed or excluded in the near future.
